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ABSTRACT

In the process of researching the establishment of a base on the
lunar surface, N.A.5.8. has recognized the need for soil moving
equipment. This sguipment is vital to site preparation. A suitable
design Ffor a bulldozer capable of operation on the lunar surface is
investigated. Design reguires that a working knowledge of the lunar
gnvironment and its effect upon the operation and product life of
such equipment be attained. These factors present special
limitations during the design phase and different alternatives are

explored.



INTRODUCTION

This report serves as a recommendation to MN.A.S5.A. in
fullfiliment of the requirements of M.E.4182 by outlining the design
of & bulldozer specially eguipped For implementation on the lunar

surfaces.

2.1 Problem Identification: Special atmospheric and geophysical

conditions on the earth’s moon make existing earth moving egquipment
unsuitable +For this task. An existing earth model; the Case

unilopader 18458, is used as a basis for the lunar design.

2.2 Constraints: In addition to environmental limitations, the

performance objectives and operating constraints are factors which
are vwvital to the design. These constraints are primarily based on
those of the Case Uniloader. Cost is given minimal consideration duse
to the fact that this is specialized eguipment for limited
application rather than a consumer product aimed at competing in a

defined markst.

2.3.5pecial Considerations: Design alternatives are researched for
optimizing the ease of interfacing man with machine. Human factors
of operation are set as design coriteria and are given great

consideration in the determination of the f+inal design.



3. Problem Statement

The lunar environment greatly differs from that on Earth. These

differences pose the sngineering challenges surrounding the design of
a bulldozer +or a lunar application. Design of existing soil moving
construction equipment is based upon the environment here on sarth.
The relevant environmental constraints are: the gravitational field,
the mean temperature range, atmospheric conditions, length of
daylight, and the mechanical properties of the soil; all of which are
different on the Moon.

The size and mass of the Moon and the resultant gravitational
field has the most profound effect upon the operating environment to
which construction equipment would be sxposed. The lunar
acceleration of gravity is approximately one sixth that of sarth or
S.32 ft/sec? on  the Moon compared to 32.2 ft/sec? on Earth.
Thus, an existing design for a bulldozer or loader would weigh much
less on the Moon and its ability to maintain traction would be
greatly reduced. In addition to weight considerations the lunar
gravitational +ield does not provide a gaseous atmosphere that
compares to  that of Earth. HWithout a gaseous atmosphere, convective
heat transfer becomes impossible. Thus, conventional fan and
*radiator”® cooling devices wutilized on Earth would be inadeguate on
the HMoon. Further, the lack of atmosphere results in virtually no
atmospheric presswre. Thus, sxposed, wncontained fluids, such as
lubricants,; will tend to vaporize.

The moon rotates on its axis once every 27.3 esarth days.
Daylight lasts for approximately 328 howrs at a stretch.

Temperatures range from 220K {(—&4=-F3 at sunrise, tao 3I40-K



(155-F) during midday. This data was collected by the Spolio 11

lunar flight at the moon’s sgquator.
In addition, the science of soil mechanics and vehicle mobility
has produced relationships {(between) scil characteristics that are

generally accepted foundations for determining appropriate vehicular

forms. MASA becamse aware of these characteristics most notibly
through work conducted by the General Motors Defense Research
lLaboratories. Strengh wvalues for the cohesion {(c} and the friction

angle { J, along with deformation wvalues for friction modulus of
deformation {kp}, cohesion modulus (kc), sinkage exponent (n),
and =lip cosfficient (K} Ffor lunar soil were obtained from the Apollo
FProgram.

The specific/individual effects of all of the preceding
environmental characteristics will be discussed in greater detail as

the mor e detailed design considerations ara outlinesd.



4. FPERFORMANCE OBJECTIVES
Common in unfamiliar design problems, analysis of existing similar
design solutions is often taken into consideration to fwnish a
starting point in the design process. In designing the lunar
bulldozer, the CASE 18358 Uni-loader was chosen as a design guide to
physical and performance specifications. In  the course of design,
sSome pérameters of the CASE model were modified ts suit varving
aspects in regard to operation, environment, stc.
4.1. Pavload: Payload specifications are derived from the density of
lunar soil and the maximum bucket size available Ffor the CASE
front—end loading attachment. Using 2.7148 lbm/Ft> as the density of
lunar soil and 1B.8 ft® as the BSAE heaped-bucket capacity, a
payload of roughly S00 1bf is calculated. It is assumed, however,
that the hydraulic system operating the attachment will create a 1ift
capacity many times greater than this value.
4.2. Duty Cvcle: Design requires that the period of operation of the
lunar bulldorer not exceed six howrs due to limitations in heat
removal and powsr supply. The full cycle of operation is contingent
upon a replenished coolant and power supply. ‘

]

4.3%. HMaintenance: The lunar bulldozer was designed for esase of
maintenance (i.e. systems check, service)l. A rigorous maintenance
schedule is difficult to establish dus to lack of testing and
gxpearimentation; however, problems encountered should be isolated and
their causes determined so that corrective measures can be taken.
fAcide +From replenishing supplies, these corrective meEasures @may

involve only component replacement or even structuwre disasseambly. It

is assumed that persons implementing maintenance

L



procedures wunderstand Ffully the Ffunction of all components and how
systems are to be disassembled and assembled.

A4‘4. Operating Cnnagggints

4.4.1. Speed: The speed is limited by several factors. These includs
depth and type of soil, vehicle weight, unevenness of ground surface,
and drive system specifications. While these factors were taken into
consideration, a maximum operating speed of six miles per hour was
arbitrarily chosen after investigation of the CASE model maximum
speed. This value was also found to be in agresment with the limiting
factors mentioned above. For example, with a maximum motor speed of
E500 rpm, &0:1 gear reduction, and 36 inch tires, a vehicle speed of
six mph can be ocbtained.

4.4.2. Dimensions__and Weight: While major dimensions initially

evolved Ffrom investigation of the CASE model, consideration of area
and volume reqgquirements Ffor such components as fuel cells;, cooling
tanks, and drive system components brought about Final optimum
dimensions. Overall dimensions include length as 140 inches, width as
86 inches, and height as 80 inches. For proper tractive effort, a
vehicle weight of roughly 2800 1bf is necessary (lunar weighty; 3525
ylbm in gensrall.

4.4.3. Power/Fuel Comsumpition: The fuel tanks are sized to supply

fuel For s=six hows of maximum operation. Assuming the bulldozer will
operate on average at 95 percent maximum power, the bulldozer can
operate for 7 hows and 21 minutes. For this duty cvcle, the fuel
cell uses a total volume of 21.45 t° of Hydrogen and 10,72 f£3

of Bxygen; Both are to be at 3000 psi.



4.4.4, Tractions | Early in the design process,'it was realized
that sSome determination of wvehicle +traction reguirements and
capabilitiea must be made. It was obvious that the reduced
gravitational Field would diminish the normal forces upon the tracks
or wheels of thes bulldozer, resulting in soil shear or "slip" when
torgue was applied to the driving wheels, if the proper weight and/or
contact area was not achisved.

Initial ressarch led to the work of M. 6. Bekker in the area of
land locomotion @mechanics. Bekker outlines in several sowrces ; the
gquations that can be used to approximate vehicular performance in a
soil ;f known strength and deformation characteristics.

Based upon soil density, cohesion, friction angle, track or wheel
contact area, and a specified sinkage, a safe weight that will keep
the wvehicle at or above the prescribed sinkage can be determined fraom
the safe weight eguations (sese Appendix  10.3). This equation is
coupled with the s0il dependent sinkage relationship for a given
tractive geometrv.

fn iterative process is employed, assuming sinkage, tractive
width, and effective diamster. Once the correct valuss for weight,
width, and diameter are determined, a determination of the soil
thrust, or useful tractive force, and drawbar pull can be made.
Orawbar pull is the difference between the soil shear strength
{(thrust capacity? and the motion resistance of the vehicle. Motion
resistance resulis Ffrom soil cnmﬁactiun, wheel or track "bulldozing™
dus to sinkage, grade, or slope resistance, and inertia resistance
during acceleration.

The work of Bekker and others indicates that the motion



resistance of a tracked vehicle is approximately three times that of
a wheeled wehicle. Since the lunar soil has minimal cohesional
prﬁperties, the lesser tractive area of a wheel is not the dominant
factor in the so0il thrust eguation. Thus, for our purposes, an
assumed sinkage of thres inches, a wheel width of fouwrteen inches,
and a diameter of 3F& idinches was found to be appropriate. The
resultant elliptical contact area was found to be 218 sguare inches
par whesl. This 1leads to a safe weight of nearly 240 pounds per
whesl and a weight of BBC pounds per wheel to cause three inch
sinkage. Soil thrust was calculated including a one inch tread or
grouser depth. For these conditions, a soil thrust capacity of &60
pounds is expected. Compaction resistance and bulldozing resistance
were found to be 190 and 150 pounds per wheel,; respgectively. The
resulting dr awbar pull is 320 pounds per wheel; this gives a total of
nearly 300 pounds of useful tractive Fforce. The resulis can be
summarized as follows:

Wheel diameter = 36 inches

Wheel width = 14 inches

Total weight

It

EF20 {lunar} pounds

Drawbar pull 1200 pounds



S.1.1. Motorss The lunar bulldozer will be using fuel cells for
powsry therefore, the only kind of motor that was considered for the
design was the D.C. motor.

From a characteristic and application standpoint, D.C. motors are
classified according to their type of field winding. There are thiree
types: shunt wound, series wound, and compound wound. The operating

characteristics of these thres types differ and are described

separately.

MOTOR_OPERATIMG CHARACTERISTICS

Shunt_ HMotors: Shunt motors run at very nearly the same spesd at any

load within their capacity. There is but a slight drop in speed from
no load to full load. This fact makes shunt motors suitable for
driving machinery that is designed to run continuously at a constant
speed. The most important limitation in the use of a shunt motor is
its moderate starting torgue.

Series Motors: Series motors are suitable in load applications where

it is necessary to supply a large torgue with a moderate increase in
current, such as in traction work, crans operation, etc. The speed
of a series motor varies greatly with the change in load. Because of
this speed characteristic, and the resultant possibility of
dangerously high speed at light 1Dads; thiz motor is not suitable for
belt drive or for use on any load where the torgue might drop below
1% of Full-load torgue. Another limitation is that the speed range
cannot be adiusted by practical msans. In this regard, the series

motor cannot be considered a flexible motor.



Compound__Motors: The addition of a cumulative series field winding

to the shunt Ffield produces a compound motor. The addition of this
serigs—field winding gives the motor a characteristic which is a
combination of the series and shunt motor.

In compound motors, the speed changes with the load, but it does not
change as wmuch as in a series motor. On the other hand, the speed
changes a great deal more than in a shunt motor. Cospound motors are
used Ffor loads reguiring high starting torgue, or for loads subject
to torgue pulsations. They are employved for 'elevatnrs, air

compressors, printing presses; etc.

TEMPERATURE HISE AND IMBULATION

The temperature of an electric motor has an adverse effect on the
lite of the motor winding. Types of insulation reguired for various
temperature ranges., and methods for avoiding high temperatures are
discussed.

MEMA defines the following insulation classes: class A, class B,
class F, and class H. The temperature limitations of the fouwr

classes are as follows:

INGULATION CLABS MAXIMUM TEMPERATURE (T3
A 105
B 130
F 155
H 180

10



Temperatures shown next to sach insulation class can be interpreted
as follows: From the temperature shown, subtract 40 -C for ambient
allowance, and 10 L For hot-spot allowance {(hot-spot is the
hottest part of the winding that will fail first). This leaves the
total allowable rise at which the motor will run safely.
The 1life of the motor is inversely proportional to the temperature of
the windings. It is therefore possible to increase the motor life by
reducing the temperatwe of the windings. This can be accomplished
by selecting one of the following aiternatives:
i. Select an encloswe or insulation treatment to combat
environmental conditions.

-y

2. Select high class insulations (F or H).
F. Select a high HF rating.
4. Select a multispesed or wound rotor motor, for freguent or
high insrtia starting.
The use of ‘high—temperature insulating materials in electric motors
has opensed up possibilities that are not yet entirely euploited. The
applicability of the wvarious classes of insulation are described
below:
Class_ _f:z This class consists of organic materials for which normal
life can EE expected if the insulation is operated below 105-C.
Class Bz This class includes glass fiber, asbestos and mica for
which normal insulation life can be obtained if final temperature
does not exceed 130 -C.
Class F: Extensive research with various plastic films and varnishes
has produced a line of insulating materials Ffor intermediate

temperature ranges. These can be used in motors operating up to a

total temperature of 135 -LC.

ii



Class __H: With the dévelupment of silicones +For insulation
impregnation, new high—temperature standards became practicable. In
such designs, the final opesrating temperature of the insulation

system can be 180 -LC.
ENCLOSURES
The wvarious types of enclosures used for protection of the sotors are
reflected in the MEMA standardized motor types. Specifically, these
enclosure types are designated by the degree of protection that the
motor is afforded. Some kinds of enclosures are the following:

TEMY (Totally enclosed non—ventilated)

TEFY (Tdtally enclosed force-ventilated?

Explosion proof

TEWC (Totally enclosed water—cooled)
The enclosurs that is of concern to the design is the TEWC. In this

kind of encloswe, the motors are cooled by circulating water that is

in direct contact with the motor parts.

MOUNT INGS
Methods of mounting have been specified and standardized by MEMA.
These include rigid mountings, resilient mountings, and flange or

face mountings. s

Rigid Mounting: This is the simplest and least expensive mothod of

mounting a motor. The position of the base mounting holes with
reference to esach other and to the location of the shaft is specified

by MEMA.



Resilient Mountings: This method isclates motor vibrations and

reduces noise. The most effective arrangement is to introduce the
resilisncy as close as possible to the hubs.

Flange or Face_ Mountings: NEMA has standardized two end mounts,

types C and D, and two flange mounts, types P and PH.

MOTOR _SELECTION

The space dozer will be using the Ffollowing motors for drive,
hydraulic pump and cooling system.

DRIVE SYSTEM HYDRAULIC PUMP COOLING SYSTEM

Mumber of motors 2 i 1

HF {(kw) 20 {15} 7 (5 0.5 (0.37)
Winding series series series
RPHM 3500 2000 1200

Torgue {(max.?

in in—-1b¥. &0 220 26
Full laoad |

current {(amps} 63 25 2
Enclosure TEWC TEWC TEHWC
Insulation class H H H



5.1.2. DRIVETRAINThe purpose of the drivetrain is to provide
necessary gear reduction and torgue multiplication and possible
reversing capability. Selection of a suitable system for the lunar

bulldozer reguired careful consideration of the following factors:

{1} High torgue capacity (large gear reductionl;

{2} High operating efficiency;

{3} Minimum number of moving {heat generating}) components

{4} Compact size o arrangement of components.

Bix separate component systems were incorporated in  the lunar
bulldozer design fo accomodate these factors. These include two each
of a gear reducer, reversing unit,; and final drive unit.

S.1.2.1. Gear__Reducer: Because other factors are esssentially
derived +from the specifications chosen for gear reduction and torgue
capacity, this became the deciding factor in selecting a suitable
gear reducer. Froblems associated with gear reduction systems are as
Follows:

{1} Complexitys: while there is no limit to the reduction ratio that
can be achisved using gearing, arrangements of the components can
become gquite complex for higher ratios. In a simple gear mesh, a
maximum ratioc in the order of only B:l o 10:1 can be achieved. To
achieve higher ratios, planetary, planocentric, or harmonic drive
systems can be utilized. These systems featwre multiple load sharing
paths; thus, size can be reduced signiticantly.

{2} Dynamic Effects: the gperating speed of gears has a significant
effect on the design definition. At high speeds, component

discrepancies such as tooth spacing srror, shafting imbalance, and

i4



=0 on, generate significant dynamic loading. For these reasons,
high—=spesd cﬂmpunegts must be of high accuracy to minimize problems;
howsver, this is in many cases difficult to accomplish. To eliminate
dynamic loading problems, planocentric and harmonic drive systems can
be utilized.

{3} HWears difficulties arise from the usual point or line contact
between testh in mesh, and from the widely varying rates of relative
motion of teseth dwing engagement. Individual teeth are also
freguently worn wmore rapidly than other teeth. fggravations ocowr
during impact loading, when an impact load may be encountered at a
time when particular testh arse in engagemsent and carryving the sntire
load. Impact effects are likely to cause brinelling. heating,
cracking, galling, and accelesrated Ffailure. Az stated befors,
planetary, planocentric, and harmonic drive systems featwre multiple
load sharing paths and can be utilized to alleviate problems with
WEAN .

Following evaluations of various gear reduction systems, a harmonic

unit with &0:1 reduction was chosen. The &0:1 ratio was fixed from

motor and wvehicle spesed sSpecification. The radically different
principles upon which the operation of harmonic drive depends
produces parameters diftfering considerably from those +or
conventional geEaring. Harmonic drive depends on  the elastic

deflection of one o mowe of its components, specifically the strain
gear. OUOne complete revolution of the strain inducer {(input shaft)
will always produce an output tooth movement which is equal to the

difference in the number of teeth between ring gear and strain gear.

13



Thus, high gear ratios are possible. Other advantages are noteworthy
and include the following:

{i} High contact ratioc {(at least 50 percent of teeth in contact at
all times), resulting in high torgue capacitiess

{2} Bplings testh come into contact with an almost pwe radial motion
and have essentially zero sliding wvelocity, even at high input
spesds. Tooth friction losses and tooth wear are very lows

(3} Because of the low friction losses, mechanical efficiencies to
the extent of %3 percent can be obtainsed. Unlike conventional
gearing, e=efficiencies in harmonic drives are particularly outstanding
at high ratios;

{43 Spline teeth in contact and under load are practically
stationary. Under normal operating conditions, dynamic loading is
very lows

{5} Regions of tooth engagement and application of load torque are
usually diametrically opposed and result in counterbalanced forces.
Thersfore, the bearings used in a harmonic drive system are only to
enclose the mechaniss and withstand externally apélied loads;

{63 Tubular construction of splinsd elements results in high
torsional rigidity and thus less windup under load;

{7} Due to the high torgue capacity, harmonic drive units can be made
relatively very small in size as compared to conventional gearing
units. Unfortunately, as a conseqguence of small size and light
weight, the thermal capacity of a harmonic drive unit will in most
cassgs be its limiting characteristic. In order to realize its
potential capacity, forced cooling means should be used for continous

heavy—duty service.

1&



S.1.2.2. Reversing _Units The reversing unit was designed to
accomodate the high output torgue from the harmonic drive unit and
provide +For the following modes of operation: forward, neutral, and
reverse. 1his type of design was originally adapied from sguivalsnt
fractional -horsepowser gearbox designs in applications such as riding
1 awnmowers.

Forward mode is accomplished by the positive-drive ratioc of a silent
chain drive, Silent chain was chosen for the following reasons:

{1} Smoocth and efficient operation even in rigorous applicationsg

{2} Suitable for transmiasicﬁ of powsr over a Qide range of losds and
spesdss:

{33} Especially~ suitable For short drive-centers, small diameter
sprockets, and low speesds.

Feverse mode is accomplished by a spur gear drive {providing the
negative-drive ratial. Despite the advantages of helical gearing in
regard to noise and vibration, the resulting gensration of an axial
thrust would necsssitate the addition of a thrust bearing on sach
helical gsar shatt and add complexity to the system. The use of spur
gearing was felt adeguate in this case.

rive @sode {in contrast to "neulral®™)! is accessed by engaging the
fixed spline on the input shaft {(essentially the harmonic drive
output shatft}) with either of the fres—-spinning sprocket or spur gear
splines by means of and internal spline coupler. Thus, output to the
final drive uwunit is the result of powsr diverted through the silent
chain drive or spur gear drive.

S5.1.2.3. Final Drive Unit: The final drive unit is responsible for

diverting power output From the reversing unit to the drive whesls.

i7



tilization of the skid-steering concept reguired that both front and
rear drive wheels on either side of the vehicle rotate in unison. Due
to the greater center distance of &0 inches between front and rear
drive axles, consideration was given to the following for effective
transmission of powsr: belt drives, chain drives, and bevel gear
drives {(a miter gearbox at sach axle with a connecting shattl.

Because of the inherent slippage in belt drives and complexity of the
bevel drives, a roller chain drive is recommended for this
application. To transmit maximum power, two double-strand ANSI #1060
raller chains with Ffow twin 2&-tooth sprockets are reguired. In
addition, another set with shorter center distance is requred to
accomodate the physical arrangement between reversing unit output and

rEear drive axles.
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S5.1.3. Wheels: SAE Standards for Tractor/Implement disc wheels

offer a wide range of sizes and strength ratings. Fertinent
dimensions and mounting reguirements are easily specified. For the
requirements of this project, a wheel, SAE #B04, was chosen. The
diameter is 18 inches with a 14 inch rim width. The radial load
rating is 3000 poundsi this excesds ow load reguirements, but was
chosen due to its dimensions and the projected sase with which it
might be altered or modified to meet ow needs. We require a 36
inch diameter tire, which would normally bese met with a pnuematic
tire. However, a solid wheel constructsed of wire mesh , as for the
LRY used during the fSpollo missions; or a spoked metal rim addition
with angle idiron “"treads” as used in early tractor designs would be

most suitable for our needs.
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S.1.4. Bearings: In selecting bearings for a given application,
consideration must be given to the following:

{a)l. specified dimensions of the space whers the bearings are

to be mounted.
{b}. 1loads the bearing will need to withstand
{c). satisfactory life required of the bearings under specified
ogperating conditions.

Due to the Ffact that thrust loads will be generatéd at the final
drive axis,; the use of tapered roller bearings is recnmmendéd. Since
they can withstand a combination of radial and thrust loads, tapered
roller bearings combine the advantages of ball and straight roller
bearings. In addition, tapersed roller bearings are especially suited
for low-spesd operation.
Each shaft will require two tapered roller bearings in direct
mounting +to cancsl the self-induced thrust reactions caused by taper.
8 total of eight bearings is required for the drive axles: four 2.25
inch bore diamster tapered roller bearings with a width of 1.50
inches, an outer diameter of 4.875 incﬁes, a radial leoad rating of
2,280 1bf and an axial rating of 5490 lb¥f (Timken part no. TS 555-85
cup and TS5 5528 conel); fow 2.50 inch bore diameter two-—row tapered
roller bearings with an outer diameter of 4.72 inches, a width of
2.812 inches,; a radial load rating of 18,900 1bf¥ and a thrust rating
of &6,250 lbt (Timken part no. JH3I07749-F0N0Z, Type GOR two-row
bearings!. [For calculations of the reqguired load ratings for the

above bearings, please see Appendix 10.3.7J.



H.2 Cooling.  Bystem: Thermal control of the lunar dozer is
Fegulred T maintain componsntes within prescribed temperature
limits.

f  thermal system similar to that of the Lunar Roving Vehicle was

proposad, This system called for passive bthermal control technigues
consisting of selected radiatiorn swface finishes, heat sinks,

flexible thermal straps, mulbtilaver insulation, and low thermal

conductance  component mounts. All systems would be on board the
wvahilole. Thise ssemed like & feasible syesbtem until the total heat
dissipation of all the mechanical parts was calculated. The heat

dissipation from sach component is shown belows

FERT HEAT DISSIFATION {(rough est.)
e Do motor 2 kw
Fo Do motor & ke
Ho F. motor 2 kw
Sl Be motor 1 kw
Fuel cells kb
TOTHL 18 kw

wiver e

Lo Do = lett drive

. D. o~ right drive

He Fo - hydraulia‘pump

C. 8. - cooling system
Bimnce, on  the moon there is no convective heat btranster, the hesal
should be removed by eilther radiation or by storing it into large
heat  sinks  with subseguent radiation to space. He would need an
opbtical solar rveflector with  an area ﬁf FOLE0 me to get rid of the

heat (see cooling system calculations in Appendiy 10.3.3.  This is



impractical, s the idea of rejecting the head via a solar reflector

was abandoned.

H]

Actual Cooling SBystems We sstimate the heat rejection on &ll heat-

i
H

dissipating components  to be 108 hw-bh (18 kw for & hrs.d.  Using the
thermodynamic relationship, 8 = mépi Ty, we figured that, using 320
gallons of  water, we could accomodate all the energy with a
temperature rise in the water of BO «(C.

Tha devissd cooling svystem works as following:

General  Operation:z fAs soon as the system s tuwrned on, valves v,
veoye oand  vxy  (see cooling  schematic in Appendix) are all apeng
vl v Vi is closed and  transfer valve (k) is sebt in kg
position. Valves wiz. vooe  and  ves o are  all  closed to prevent
contact with a wvacuwum. Pump PL s turned on.  The water $lows from
tank 3 through  the pumps; it then splits and enters 4 diftferent pipe
sy st ems. Fach pips system is connected bo the deive motor 1, the
dirive motor 2, the hydraulic motor and the fuel cell healt exchanger,
respectivel v. The wabtesr, aftbter leaving the fowr different pipes,
converges to a singls pipe and is then powed in tank 4.

Subsvaten A This systen contains & volumstric flow rate m@a%urfng
device {(Mg) that keeps track of the amount of water that enters
tarnk 4, It also contains a valve, vgy. whose signifticance will be
apparent when subsystenm B is analysed.

Bubsvstem Hi Whaen Mg reads 100 gallons, this means that tank 3 is
almost  emplby. At that  instant, valve vz closes and valve vzp is
openad instantaneously in mrdarl to introduce a vacuum into tank 5.
Than wvalve vgqp opens, thus allowing all the hot water from tank 4
to Flow  to bank I Mo punp  is necessary for bthis dus bto the

oy
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pressure  difference betwsen  tanks 3 and 4 that "drives" the water
From tank 4 to tank 3. After all water has flown to tank 3, valve
41 wloses and the transfer valve is switched to the ko position.
Whaen  the oster resds 100 gallons, the same procedures oocurs betwsen

tanks 4 and 2.

i&"

HBubsyster

m:
i
=

i Cs This system contains the pump Fl that is the hesrt of
the entlire system. The pump is controlled in order to maintain a
constant pressure on its output side.

Subsystem D In this system, all the heat btransfer occurs. The pipe
initially splits into 4 different pipes, sach connected to the drive
motor 1, drive mobtor 2, the hydrawlic smobor and the fuel cells. Each
of these pipes contains a valve followed by the actual component and
a tempesratuwe-measwring devics, which is in twn connected to the
valve through =1 contirol syslem. The desirable temperatuwre
diftferences for the water besfore and aftter passing through the
component ds BOY0, The control system will measuwre the temperature
at  the oublet an send an appropriate signal to the valve. It the
gutlet tempesrabtuwre is less than 85 degress, then the valve is shult so
that the flow rate through the motor is decreased; therefors, the

@it temperature is increased (and vice versal.

yorm

Heat  FRejection from Waber Tanks: The dorer will operate for & houwrsg
it will be parked Ffor 18 hows until the next & how duty oyole.
During the 18 hows  that the dozer is nobt operating, ths heat sink
must  get rid of all the stored heat, so that the svstem will be reasdy
for the next opesrating period.

The water temperatwe must decreasse from 850 to 50 duwing those

18 hours. Since the rate of heat radiation depends heavily on



tamparature (T 3, heat will bbe rejected very oguickly at the
b@ginniﬁgy leading to & high sink temperatuwre decrease, and slowesr
towards the end, leading to low sink temperatw e deceases.

Using the HP4IC, iterations were per{mkmed with respect to the area A
that is needed to reduce the tempsratwre from BSC to 50, Since
the temperature changes all the time, a constant sink temperatures
during a one houw interval was assumed (for results, see caloculations

-

. . - - . - . . ]
in Appendix 10,300, It was determined thalt a solar radiator 15 m

s,

in arsa was nesded. The heat sink will cool down to 5= in about
& hows,  thus allowing for two hows bebwesen bransportation of the
heat sink from  the wvehicle to the solar radiator reflectors and
vice-versa {(the actual time is 16 hows, 1% minutes).

The solar rveflectors will be the same kind that were used with the
lLunar rover. They are second swface mireors made Dby vaouum
deposition of & silver Film on & thin, fused silica waéer; Tie
surfaces are protected from the atmosphers by overcoating the silver
with  vacuwsn  deposited dnconel. The reflectors will be coversd by
insulating dust covers that are located over the radiator to prevent
undesirable cool-down  and  accoumulations of  lunar  dust which will
degrade  the radiative surface properties of the reflectors.  The
covers  will  be  opened manually by the astromnsat, byt they will shut
avtomatically, as soon asg  the tewperature of the sink reaches 5«0

{(This systemn was used with success in the Lunar Roving Vehicled.



Water Tankss Thres O.45m tanks measuwring  Im o« Im o x 0.485m will
pach carry 105.6 gallons of water. The faces of the tanks will be
madae of &0&61 ~Té aluminum  plates Z.2mm bthick and will be welded
together. In addition, the tanks will be coversd by an insulation
hlanket consisting of 18 lavers of perforated double aluminized
mylar, assembled by heat sealing the edges using silicone adhesive
particles (025" sguares on 1.5" centers, staggered from laver to
Lavysr) . The insulation will minimize any heat exchange beltwesn the

tanks and the relatively severe lunar suwface snvironment.
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5.3 STRUCTURAL SUPPORTS:

S5.3.1 CHABS51S: The chassis of the bulldozer is a combination of a
steel bar frame with 1 layer of welded stainless steel on hte ocutside and
on the inside. The insulation outlined in section 53.22 is contained
between the two plates. The bottom has only one plate which extends out
past the sides to provide support for the wheel wsounts.This design
provides total containment of the internal cavity from the lunar dust and
provides added structural support Ffor the mounting of the fuel cell and
Ffuel tanks on  the inside as well as mounting the lift arm asssmbly and
wheel mounts on the outside.

The bottom of the chassis also extends 2 &t in the rear to provide
support +For the drive motors. This bottom plate is 1/2 inch thick and is

stainless stesl.

The other plates on  the chassis are 1/4 inch thick stainless steel.

This tvpe of construction was selectsed for its low thermal conductivity.

-

The top plate is cut and hinged = feest from the back edge of the chassis
box to allow access to the fuel cells and fusl tanks.

The stesl reinforcement bars are 1/4 inch I-Beams. They are welded
together and the siteel plates are welded to them. They also prevent the
insulation from moving between the plates.

Because design calculations of a combined strucutre is difficult to
parform, a superposition proceduwre is used to guarantes the needed

strength of the chassis.

S5.3.2 LIFT ARM _ASSEMBLY MOUNTS: Two important considerations, total
moment and total shear forces, are taken into account in designing a
support for the 1i+t arms. First, the 2 mounts must support the total

weight of the so0il in the bucket. Because the soil on the moon is less



dense than the so0il on the sarth, and because of the gravity difference,
the total 1ift Forces would be 500 1bf under maximum conditions. This
translates intoc a  total shear Fforce of 250 1b which the metal and its
welds must withstand.

Second, the 2 mounts must be welded so that hte joints can substain
the 5200 in 1bf experienced during bulldozing as a result of the 13001bf
dirawbar pull Fforce. Obviously, the second condition has highsr stresses

and if this criteria is satisfied:, the first will be satisfied as well.

Based on these forces and the design ofpattern, 178 inch steel plates were

selected as the size necessary to support the arms.

5.3.3. Wheel mounts: The wheels will be mounted to the chassis by 2
support eve members. because the entire shaft will rotate, bearings will
be press +it intoc esach eyve. 0One eve will be against the wall of the

chassis and the other will be on the outmost part of the running board.

They both will bs bolted to the chassis. In addition, a metal casing will

surround this entire chain section to protect it from the dust.



5.4 POWER_SUPPLY

In this section of the design, the viable alternatives were fuel cells
and storage batteries. Because storage bateries ncchy a large volume
just to supply the bulldozer with ample powsr, fusl cells were adopted as
the source of power. In addition, storage batteries reguire a slow
regineration at low voltages. This would not allow for adeguate battery
turnaround, thus reinforcing the decision to use fuel cells.

S5.4.1 FUEL CELL TYPE: A hydrogen oxvgen fule cell was selected

primarly because of two reasons. One, the by—hrnduct, water, could be

separated by an electrolysis device powered by solar solar engrgys

Second, additional Ffuel could be transported on sight in the fora of
water without the risk of possible explosion of gases. This water could
be transported form the earth or from the lunar polar caps. Fusl cells
reguire miminal maintenance and can be started up instantaneocusly at
temperatures as low as —10-F.

S5.4.2 THERMOCHEMISTRY _BACKGROUND: Power is produced in a hydrogen

oxygen fusl cell by the release of a free slectron to an external circuit
during oxidation of a hydrogen molecule. This process is achisved by
supplving hydrogen and oxygen to two seperate electrodes immersed in a
glectrlvytic soclution. The free electrons migrate to the anode and the
active hydrogen ion travels through the electrolytes to combine with the
oxygen ion to Fform water. Usually, the elesctrolyie is a potassium
hydrokide of sulfuric solution. The chemical reaction between the
hvdrogen and oxygen @molecules is an equilibrium reaction. This reaction
allows the itotal system to achieve a2 lower snergy state by forming a more
stable compound, water, and releasing the sxtra electrons of the

relatively unstable hydrogen molecule. The empirical reaction for the



gxidation of hydrogen in an alkaline electrolyte is:

2Hz + 202 2Hz + Ze™

S.4.3. DESIGN METHOD: In designing a Ffuel cell for the NASH lunar
bulldozer, a linear extrapolation of available data based on relative KWH
demands ¢an provide an approximation and a ballpark figure for the new

design. This method is used to project the size and weight specifications

of the fusl cell for the NASA bulldozer.

S.4.4. FROJECTED SSPECIFICATIONS: For a total demand of Z240KHH, a

hydirogen —oxvygen Jfuel cell operating at B3Y efficiency has the following

projected specifications.

Weight of fuel cell 160G 1b¥

Volume of fuel cell 20 2

Hydrogen required, per KWH at STP 108 ft3

Oxvyogen required, per KWH at BTP 54 ft= -
Volume of Op andHp at 3000psi 32.2 ft-
Weight of O and Hp and fuel tanks 450.0 1b¥F
Total weight of fuel cell and fuel system 2050 1b+

S5.4.5. EVALUATION: Based on this sxtrapolation, the hydrogen oxygen

fuel cell can power the MNASA bulldozer at peak powsr continuously over a &
hour duty cycle. In addition, the fuel cell and the fuel tanks meet the
zize and weight limitations of the project. Thermal insulation and water
conling will provide adeguate heat removal to maintain a constant

operating temperatwer in the cell.



S.4.6. TANK __SPECIFICATIONS:

the following specifications:

Hz TANK
Volume 21.45 &5
Dimensions 3 ud.25"x1.7°
Pressure Z000 PSI MAX

The tanks must be internally braced and

The +fusl tanks

for the fule cell must meset

Oz TANK

10.72 2
1.17%3 x4, 25°

3000 PSI MAX

constructed with rounded corners.



Ta s Insulation Materials and Coatings: There are three dangers to |

materials in space: ultraviolet radiation, particle radiation and
micrometeorite rain. Since shielding the astronaut is not a primary
consideration in this design (the dozer is operated by remsote
control), metallic coatings are recommended. For thermal prntectiqn,
all exterior surfaces will be painted a bright white. A recommended
coating is Chemical Fabrics by Birdair Structures of Buffalo, New
York; this coating has & +Fiberglass base with a teflon sxterior
surface. Originally a soft, light brown film, this material reacts
with the sun in seconds to form a hard, brilliant white coating. For
protection against micrometeorite pitting, it is also suggested that
several thin layvers of Dupont Kevlar E-2% {a textile fiber composite)
and neoprens rubber be used directly under the metallic coating.

G-10 +Fiberglass is the recommended insulation mate}ial. Even a
relatively small puncture in one of the components would cause loose
fiberglass ihsulation to escape and float around in space; therefore,
the fiberglass should be encased in sevefal layers of parachute cloth
or a similar Filter fabric. By lining the chassis with a laver of
neopreneg  rubber in addition to the fiberglass insulation, we can also

minimize the shock caused by sudden stops.
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&.1. Ergonomics/Controls: After the wvolume requirements of the
powsrplant, the fuel tanks, and the cooling system became apparent,
we decided wpon remote control for the opesration of the dozer.
Remote operation has a number of advantages. First, the operator
will not run the risk of suit puncture by the sharp edges or ridges
that may arise during the normal operation of the dozer. For
example, extended operation of the dozer in rocky areas could wear
the lower edges of the bumpers and fenders until these edges were
sharp enough to puncture the operator’s suit.

flso, the operator will not have to climb over the 1ift arms or
other Aparts of the dozer in order to reach the control panel. The
severe motion restrictions imposed by the operator’s spacesuit will
therefore not pose a problem. | By controlling the dozer from the
outside, the opesrator will also enjoy & better view of the area
surrounding the dozer. This should lessen the likelvhood of backing
or twning into obstacles that might otherwise bes blocked from the
operator®s view.

The operator may control the dozer from a small vehicle similar
to the Lunar Roving Vehicle used in wvarious fpollo Missions. This
would enable the operator to return to base during his work shift
without wsing the relatively large guanity of fuel it would require
tc drive the dozer to base and back to the worksite. The smaller
vehicle could alsoc be ussd to take the operator to base, should the
dozer break down on the worksite.

There are also safety advantages that arise From the remote
operation of the dozer. For instance, if the dozer should overturn,
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the operator’s 1life would not be jeopardized. The same is true for
the case of fire. Hydrogen and oxygen leakage could lead to a fire,
possibly even an explosion, but with remote operation the risk to

human life is minimised.

COMTROLS:

The remote controls For the dozer will be located in a self-
contained portable control panel. This panel can be mounted to the
operator®s spacesuit by m@means of two small battery pods which slide
into slots in the front of the suit. (see drawing #, fAppendix——--).
The panel is adjustable for height and angle to suit the operator’s
preference. Control of the dozer®s movements is effected by two
control sticks mounted on the panel. All signals transmitted from
the panel are received and processed by a computer located on the
dozrer.

Movemsnt of the contrl sticks affect the dozer as follows,
Forward movement of =ach stick increases the powsr delivered to that
corresponding drive motor {left or right}) and the gearbox will be set
in %nrward' gear . Rearward movement of the sticks increases the
retarding force delivered to tﬁe wheels. If one of the sticks is
moved rearward while the dozer is moving forward, the computer will
initially wuse the breaking torgue of the corresponding to apply the
retarding force. I+ the demanded retardation is greater than the
maximum available braking torgue of the motor, the éumputer will
actuate the brakes as necessary to provide the desired retardating
force. iI¥ the operator continues to hold the stick rearward after
the dozer has stopped, the compulter will sngage reverse gear and
apply power to the corresponding motor as desired.
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Steering is accomplished by contolling the relative speeds of the
motors. Movement of the hydraulic cylinders is also controlled by
the two sticks. Moving the right-hand {( RH } stick away from the
center of the panel will lift the entire bucket assembly. Lowering
aof the bucket assembly is effected by moving the BH stick fowards the
center of the panel. The left—hand ( LH !} stick controls the tilt
cylinders in much the same way § moving the LH stick away from the
center of the panel will rotate the bucket upwards and moving the
stick towards the center of the pansl will rotate the bucket
downmards. In the svent of brake failure, depressing the two buttons
atop the control sticks simultaneously ( with the thumbs § while
rotating both sticks inward will release the emergency brakes and
bring the dozer to a halt. The emergency brakes are spring-loaded
and muzst be reset manually by means of two levers, one on each side
aof the chassis. This featuwre esnables the emsrgency brakes to
function as parking brakes while the dozer is not in service.

In the event of an outwardly obvious Fire, the operator may
depress the FIRE button on the control panel. Initial depression
of this button will cause the computer to perform a rapid temperature
check at several key locations inside the dozer. A&n audible alarm
will also .be activated. If the computer detects dangerocusly high
temperatures in  any spot, it will automatically trigger the on-board
fire extinguishing system, which will deliver an inert gas to the
problem area via a valve arrangement. if the FIRE button is
depressed I times within 10 seconds; the on—board extinguisher will
deliver & charge of gas throughout the interior of the dozer
regardless of the computer®s diagnosis.
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The dozer™s computer alsoc provides several automatic control
functions. For example, the computer will kesp track of the angle of
the 1ift arm, and the hydraulic fluid +Flow rate to the 1lift
cylindsr. From this information it will determine the vertical speed
o0f the bucket and make the necessary corrections to the hydraulic
fluid Flow rate to enswe that the lift arm’s downward acceleration
does not exceed the moon’s gravitational acceleration. The computer
will also keep track of the dozer®s angle in the pitch plane to try
to prevent Jorward or backward somersaulting as a result of applying
too much power while pointing up a steep incline or too much braking
force whilee travelling down a steep grade. The computer can also be
set to disallow whesl locking wnder braking or wheslspin under
pOWEr . Furthermore, the computer will not perait reverse gear to be
engaged while the dozer is moving forward or vice versa.

One of these primary Ffuncitions of the compulter, howsver, is to
diagnose the dozer®s operating condition and control vital systems
such as the cooling system ) - Because of the high daytime
temperatures sxperienced near the lunar equator, and because the lack
of an atmosphere precludes convective coocling systems, saintaining
proper operation of the conling system is of utmost imporitance. The
computer must read the operating temperatures of the fuel cell
battery., thes gearbox, sach of the dozer’s B sleciric motors, and the
eglectronic componsnits of the computer itself; and decide how much
cooling water to send to each component to kesp it at its optimum
operating temperature

Based on both a short-ters (2 min. } and a long-term ( 30 min. 3}
time average of the total demand on  the cooling systems and the
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powerplants, the computer then estimates the time remaining before
rafueling, replenishing the cooling tanks, or both. This estimate is
displayved continuously on the control panel. The fuel pressure is
also displaved on the panel in terms of lighted barsy 7 green bars
indicate maximum pressuwre and 1 red bar indicates sinimum operating
pressura.

The computer wil also display information that the operator reguests
by depressing a button corresponding to the information he needs to
know. Pressing the button a second time will clear the information
from the screen. If the computer detects a malfunction, it will
flash the DANGER or CAUTIOM lights on the panel {depending on the
severity of the malfunctiond? and trigger an audible alaram from a
zpeaker inside the operator®s helmet. The operator has the option of
cancelling the audible or visual signals, or both, by using the two
cancellation buttons on the control panel.

I+ more than one @malfunction occurs at one time, the computer will
szt off both alares, and display up to three diagnostic messages at
once, arranging them in descending order of importance. The control
panel alsp includes a +test button to check the circuits in the
panel. The panel will be made nf a fiberglass—reinforced epoxy
laminate, and coated with a white thermal paint. In case of panel

malfunction, the dorzer can be controlled by an operator at the base.



7. HAZARD GNALYSIS

Fal Failure HModes: Three failure modes and their consequences are
examined in this section: vehicle tip—over, abrupt stops, and
gxplosions. Hazairds due to opesrator misuse are alsc analyzed;

possible operational hazards are attempting to exceed 1) the defined

duty cvcle, and 2} prescribed performance specifications.

Falala Vehicle Tip-aover: The consequences of vehicle tipover are
minimized by the proposed rémnte—cuntrol panel. Since remote—control
operation of the dozer allows the operator to control the vehicle
from a safe distance, harm to the operator during vehicle tip-over is
eliminated. Al=o, the computer used in the remote control opsration
gf the dozer continuously manitmré the maximum angle of tilt that can
be attained before the loss of stability occcwrs. The microprocessor
also includes & sensor that shuts off the motor before thi= angle is
reached; therefore, any attempt to travel over terrain which would
cause the dozer to tip will cause the vehicle to stop. However, in
the unlikely event that wvehicle tip-over does occur, the computer is
programned to cease all functions to minimize damage to the vehicle.

Fal.2. fpbrupt  SBtops  ——_ Impact Shock: The second mode of failure

analyzed was the effect of abrupt stops on the vehicle. Several
steps have been taken to minimize the effects of impact shock on the
dozers: the motor is egquipped with a special soft—start,soft-stop
feature that increases the loading of the shafits gradually; the
chassis iz also lined with neoprine rubber and fiberglass insulation

to protect the fuel cells, gas tanks, and cooling system from
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punctures that might be caused by sudden stops. The soft—-start/soft-
stop motor is fairly common is existing sarth—-moving eguipment. its
major disadwvantage is that it is not very effective for short,
intermittent operations; since the lunar dozer is expected to operate
continuously during its six hour duty cycle, this problem should not
apply to this design. Since puctures in the gas tanks and cooling
system would cause a resulting loss in pressure that would halt the
geffective operation of these systems, the chassis is lined to protect
the above systems Ffrom any sharp edges or proftruding objects that
might cause puncture during sudden stops. The fuel cells are also
insulated in a similar manner to minimize the occurrence of
explosions dus to abrupt stops.

F.l.3. Explosions: Explosions within the lunar dozer were the third
inherent mode of Ffailure in this design. Gince the astronaut is
controlling the operation of the dozer from a safe distance {(unless
he chooses to ride on the dozer during operation), personal harm due
to an explosion is minimized {(sees Paragraph 1 of this section). The
pcocuwrrence of an explosin is also minimized because of precautions
taken to protect the Ffuel cells (Paragraph 2). the remaiﬁing
probable cause of syplosion is the refuelling of the cells; in order
to minimize damage to the dozer, this will be done at a remote,
controlled site. Rubber hoses will be used to refill the tanks {to
minimize metal—to—-metal contact which may cause sparks in  the

presence of the oxygenl.

F Operator Misuse:z Two possible forms of operator misuse were

discussed: attempting to ekxcesed the defined duty cycle and
attempting to exceed specitfisd performance objectives.

F2ai. Excesding  the Duty Cycle:s Operational hazards caused by
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attempting to exceed the described duty cycle were minimized, if not
eliminated by transducers controlled by the computer. & warning
message will alert the astronaut one houw before the proposed
termination of the duty cycle {(i.e., five hows after operation of
the dozer has commenced). If the operator still attempits to exceed

six hows of operation, the computer will command the motors to stop.

F.2.2. Exceeding FPerformance Specifications: The computer will

protect the dozer from attempts to exceed performance objectives in a
similar manner. Transducers connected to the computer will "weigh®
the pavyload before attempting to 1ift it; i+ the pavload exceesds
predetermined design constraints, the computer will not allow the

hydraulic system to aperate.
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Operating  Instructions: Fusl may be added at filling points located

on  the chassis between the wheels on either side. One filling point
is Ffor oxvgen and the point on the other side is for filling the
hydrogen tanks. To start up the fuel cell battery, the mechanics
must then Fill the cell with electrolyite before switching the cells
O At that point, hydraulic ogil and coolant is added to the system
and the pumps started to prime the system. Next; the drive motor
circuits are closed, the emergency brakes {one on sach side} are set,
the remainder of the electronics are switched on, and the dozer is
ready to go to work.

Caution must be exercised when powering up the fuel cell battery
hecause of the potentially fatal voltage and high current-delivery
capabilities of the powsrplant. Coolant should have a temperature of
i=C — S-C before startup, and the "exhaust” water tank should be
emplty.

Before +Full-service operation, the dorer should be given a
“pre—run® to test the brakes and the hydraulic system. In normal
operation, the computer’®s warnings should be heeded, especially in
the cases of imminent tip—over and overheating. All insulated
compartments should be éealed and all chains and bearings properly

lubricated before beginning soil-moving opsrations.



7. CONCLUSIONS AND RECOMMENMDATIONS

To meet the specifications reguired by NAGA for a bulldozer suitable
for lunar applications, we modified an existing Case #1845B
Uni—loader so that it would bulldoze effectively on the moon. Remote
control was proposed as a method of operating the dozer; this was
intended to ainimize harm to the operator and to solve the size
constraint problems associated with direct operator access. A
thermal system was designed that would effectively combat the
problems caused by the lack of convectiwve heat transfer, and thermal
coatings and insulation was added to protect the dozer from harm due
to radiation and micrometeorite rain.
To prolong the useful life of the dozer, the following “"daily"
maintenance checklist is recommended:

1. Check chain tension.

2. Check drive train seals.

3. Clean cooclant tanks {of dust, =stc.}

4, Flush fuel cell battervy.

3. Lubricate bearings as necessary.

H. Check on fire retardant pressure.

7. Run circuit checks on computer.

8. Check hydraulic oil level.

2. Change all filters (hyvdraulic, coolant, and electric)

as NeceEsSsary.
1iG. Check operation of both smergency brakes.
il. Check wheel condition.

iZ. Freheat systems before use.
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i3.

14.

15.

16.

17.

Drain all liguid tanks i+ dozer iz to be left outside at

night.

Check bolt torque pericdically at all structural points.

Inspect visually for meteorite damage.
Check pH of slectrolvie periodically.

LClean dust off loader svery "day".

Recommendations:

Operator should have a moon buggy'¥ar transpeed.

Chain should be adjusted periodically.

Do not $i1l1 fuel tanks simultaneously.

Have radiation facility for cooling water.

Have a splitter for the Ho and 02, a compressor, and a
steady supply of fuesl.

fi modul ar computer is needed (several spares showld be

hand} .

42

on



Appendix A

ALTERNATE DESIGHMS

Several alternate design parameters were proposed for the design of
the bulldozer. The following alternatives were proposed: a linked
tracking system, wire loop wheels, batteries, a space radiator, a
fiber composite chassis, power screws, direct operator access , and

remote control from Earth.

The Linked Tracking System: The linked tracking system was proposed

because of the weak, esasily crushed surface of the moon. The major
merit of the linked tracking system was its large contact areas; this
would reduce the crushing effect on the =pil while still providing
enough surface shesar for the necessary bulldozing resistance. Since
a tracked system is guite long compared to a tire, such a system
woiild have been able to travel over rough terrain more readily than a
whesl.

The main disadvantage of a 1linked tracking system was its large
number of moving parts. In addition to increasing the nesd for
maintenance (to replace Ffailed bearings), the bearings would also
reguire special care to keesep lunar dust out of the housings. On
existing earth—moving gguipment, treads are hinged bare metal
sagments; however, such segments would be guickly cold-welded on the

MO0MN .

Wire loop UWheels: An elastic wire loop wheel which has wide Flat

spokes and a spirally-connected hub and rim was also proposed as an



altternative traction design. When power is applied to the loaded
wheel, the wheel assumes an =2lliptical contact area similar to that
of the tracked vehicle. This system is also easily able to deform
agver obstacles; i.e., these wheels travel well over rough terrain.
However, the disadvantage of this tire is that it is not rigid enough
to withstand the bulldozing resistance generated by our design

payload and blade size.

Batteries: The use of batteries was proposed in the sarly design
stages. The ease of maintenance (i.e., recharging the battery) and
minimal repair regquirements were the greatest advantages of the
battery; the heavy weight of the batteries was also an additional in

traction. However, batteries did not mest the power and duty

reguirements {of 40 horsepowsr and & howrs continuous dutyl.

Space Radiator: £ space radiator was proposed to cocl the battery

{zge preceding sectionl. The space radiator reqguired that the
battery be thermally isclated from the dozer to minimize the dozer’s
influsnce on the batteries). This was accomplished by means of a
glass epoxy enclosure which housed an internal multi-lavered
insulation blanket. This insulation blanket was composed of thin
radiation shields —— 285 wmicrometer thick polvyester/polyimide films
metallized with silver on one side to achieve low emittance. Spacer
materials were used to separate the radiation shields and minimize
shield-to-shield contact: plastic and silk netting, thin sheets of
foam, and embossed plastic filae. An opening in the glass encloswre

permitted heat rejection Ffrom the battery radiator; to minimize
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absorbed solar Fflux, S-mil silvered teflon was used as a radiator
coating. Fin Ffins were attacheﬂ to the radiator to provide an
additional radiator area parallel to the sun vector, and the total
radiator sized to maintain the batteries below 30-C. An attempt
was made to modify this design for fuel cells; however, the large
increase in heat dissipation made such a modification too cumbersome

+or our size constraints.

Fiber Composite Chassiss Threse different Fiber composites were

considered as chassis materials: Dupont Eevlar KE-4% structural,
boron, and carbon fiber composites. Al1 of the above materials have
a strength—to-weight ration greater than that of steel; however, the

gpoxies used in these composites tend to fail at high operating

temperatuwres.
Power Screwsg Fower screws were considered as an alternative to a
hydraulic system. However, the relatively slow lift times of the

bucket, the bulldozing resistance of such a blade and the higher heat
dissipation associated with power screws made this alternative a

relatively poor choice.

Direct Operator Access and Remote Control from Earth: Both direct

access and remote control from Earth were considered as design
alternatives for operating the dozer {(the astronaut is still allowed
the option of riding on the dozer during opesrationl; direct operator
arccess was considered unsafte because of the possibilities of suit

puncture and vehicle tip-over. It was also difficult to design a
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comfortable compartment with easily—accessible controls that met the
size constraints of the shuttle. Remote control operation from Earth

was considersed impractical for the following reasons:

1. the time involved to develop and produce the
system.
2 the lack of clegar wvisibility of the area

swrrounding the dozer.
3. the inherent time delay in decision—making.

4. ' maintenances and repair complications.
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10. APPENDICES

A.1l. Calculations:

e o i St St S S et i e

Based on a 15HP motor and a 37.3KWH total demand, the design spec—

ifications of a hydrogen—-oxygen fuel cell are:

Weight of fuel cell : ' 450 1lbs

Volume of fuel cell 5.6 ft°
Hydrogen required,per KWH at STP 18 ft°
Oxygen regquired, per KWH at STP - 2.0 ft2
Volume of Hp and Op at 3000psi 5.0 ft3
Weight of Op and Hz and fuel tanks 250 lbm
Total weight of fuel cell and fuel system : 700 1bm

In designing a fuel cell for two 20HP -15KW motors and a 240KWH
total demand, a linear extrapolation of the existing data was used to
calcu}até the projected size and weight of the new design.

Weight of fuel cell

{450 1bs/11.2KW} % 40KW = 1607.2 lbs

Volume of fuel cell

{S5.6FE3/11.2KW3 % 40KW = 20 +t3

£18 Ft3/KWH? % G6KWH = 108 £t3

Oxyvgen regquired at STP

{9 FE3/KWHY X 6KWH = 54 Ft3

Volume of Ho and Op at 3000psi

{5 Ft3/37.3KWHY % 240KWH = 32.17 £t5

{230 1lbs/3.3 hrs} X & hrs = 4501bs ,ﬁ-
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1607.2 + 450 ™~ 2050 lbs

Weight of fuel cell

Volume of fuel cell

Hydrogen required;per KWH at S5TP

Oxygen required, per KWH at STP

Volume of Hp and O at 3000psi

Weight of 05 and Hy and fuel tanks

Total weight of fuel cell and fuel system
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1600 1bs
20 f£t3
108 3
54 ft3
32.2 ft3
450.0 lbs
2050 lbs
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- ME 4182 - WEEKLY " PROGRESS _REPORT

PERIOD: [FER. 2D ~ THRU: Fes ze TEAM NO.: JU4: 30

TIE: DESIGN o A BullDozer APPROPRIME Rk
A - Lunne  EaviRoMEVNTS
COMMENTS:

Twis weet, our EPFEIS Weee MAINLY  Cowcen-
{CATED ON COMPLETIIVG SECTION DRAWINGS AND  SCHEMATICS,
Prypicic THsLe b Jome Parker ‘ueore SEUERAL
MNEW SIRESS AMALYSIS PROGRAMS o BULLDOZING
APPLICATIONS , INCLUDING AR HPAICY  PROGE AM WHICH -
DETEGR MINES THE MAXIMOM sprEe WEIGHT AvD DEAWBAR
vl PEE TIRE , GIVEN ASSUMED TIRE DIAMETEL , WIbTH
AND SIVEAGE VALVES. SEUERAL EBXISTING PROGRAMS
ol Barl BEARINGS , TAPERED Bolltr (THRUST) BEARINGS,
AU SILENT CHAINS WEES AiSo USED 12 DETERMING
SHAPT AMD GCAR DIAMETERS , BEARING |oAD RATINGS,
AND  CHAIN DIMENS/oNS. g

" HOURS
NAME, INITIALS ENGINEERING TECANICIAN . CLERICAL  TOTAL
N A APeSTBLIDES 20 | o
2) M. MApcuse 20 20
N McRAY 22 2z
) 2. PARKEE | D 3 21
,5)’ . THBLE Zo - Zo
. g) C- ;rmum@m 22 o | o ZZ

Ctotas = |22 - _3 _'"IZE' .

88



ME 4182 WEEKLY PROGRESS REPORT

PERIOD: . 13" 1985 THRU: Fas. 19,1985  TEAM NO.: TU- 4:30

111te:  DesteN oF 4 BulLlDozee AFPPROPRIATE e A
| Lunae EpvieonMenT

COMMENTS:

GRouP MEMBERS WAVE CONTINUED T ps pesesaecy
I THEIR SPECIFic AreAs; WE ARE ADW (N THE
FRoCESS OF WZR(ITING UP OVR ErNDINGS AND RECoM-
MENDATIONS IN EACH AREA. Our RESEARCH |NCLUDES
A TOouR oF THE CASE FacILITIES N ATLANR 5 THiS
WEEeK, MAeTIN Manouso, Netsow McRAY xpnp Joune’
Parker EXAMINED THE CASE (8458 ‘upi-LoapER’
Td DErerMINE \WHAT MoDIFICATIOoNS NEED 1o BE .

MADE.

HOURS

NAME, INITIALS ~ ~— ENGINEERING — TECANICIAN — CLERICAL  TOTAC

1) A. APosToLIDES Z ..
2) M. Mancuso 5 Y
5 N. McRay 5

s J. Parker >

sy P. TioLE .

6) C. ToMunsoN T+

TOTALS = 25 | Vs 252



WEEK 4~ JANUARY &9, 1984
STATUS REPORT

We have researched a front-end attachment similar to
sxisbing designs.  Several options were discussed as feasible
solulions durlng our last meeting:

Hydraulic pistfons
Bear Rack
Power Scorews

i group has divided into the following subsections:
Arpgelos Apostol ideS.cecccvsscseness Power source/Engine
Martin MancCust. cesssssvssnsnsannass Iraction/Mobility
Nelsorn MoRay.cecssvssannanensnsesnas Fuel/Energy Snurce
Johne?! Parker..csecsessnsesescssnsenaasCooling System
Patrick Tholeessvusaucnsannunanesas Power Train
Charles ThomlinSolfi..csescessnasvanssMaterials/Structural

Components
We have already begun research on these topicsy at our next
meeting we plan to discuss feasible alternatives.

)



{

M.E. 4182 Mecitmvical DesiaN EneiNEERING

l;)f:".UEf'T T‘lTLE: DE‘SI&M OF A BULLDOZGR APPQOPR/ME
Foz A LUNAR  ENVIRONMENT.

froaress RepoRT Fore THE PERIOD JAN. 23—29  Team : Tu-4:30
(- 1MENTS © Please SEE ATIACHED SHEET.

CiRoup MEMBERS = Hes. \Work. coMpLeTep THIS _PERIOD !
rd

DAvceros AposToUDES 5 hrs. (technical)

2) Magiiv - Maticuso . 4 hrs. (techinical)
2) Newson McRay 5 hrz, Lechnical ; 5 hv, derical
1) Jonwe M. Papker 5 hiz. (fechnicad)
5) Prreick Tioe 5 hrs. (technical)
L) Chabies Tomuusoy 5 his. (fechniesl )

'g .
Br A ToTAL oF 297 Map-Hes.
e THE perioD JAK, 23—29

91



In the process of researching the establishment of a permanent
base on the lunar surface, NASA has recognized the need for soil-~
moving equipment. This equipment is vital to site preparation.
Design requires that a working knowledge of the lunar environment

and its effects on operation and product life of this equipment
are attained. :

9Z



ME 4182 WEEKLY PROGRESS REPORT

PERIOD: 3 ~JAN. [b , THRU: JAMN. Z2 TEAM NO.: _TU-¢:30

TITLE: D ESIGN oF A BULLDOZEer. APFPROPRIATE FoiZ A
LUNAE ENVIzow MEVT.

 COMMENTS:
(Du/& Geour [IAs MET sSEVERAL TIMES To PIscuss FPERTIVE:
|NESIGN PARAMETERS 5 EA Greoup MeMBER [As ALSO  poNE
[ICDEPENPENT RESEARZCH o SUcH PARAMETERS AS <

A SUITABLE MM’LS’ for m{:ec(::cn aga/ms{f rdistion, Tneul 518N,
high s’r?vr\q{’h/we:ghf rho.

B. SIZE & Wet1eHT : spprep . dimersions for space brnsport
and use by sstransub.

C. TYPE OF PPOWER: T.c. Engine -vs- Rafferies = Adv. end Disadvan!
of ex. prtess )

Dv WACT’IOM; T@Cks A~ ﬂreg'__.-—b A—A\[m“?ﬁjeS g‘“ ADISEAVBVY{’E‘QP_S

E. MTACHMENTS

F MMVTENANCE & REPAMR

VIRoWMEMT
I> USE cur kNOWLEPGE 0P THE LuMAZ &V
Tvg%w};l%ﬁ) ExjSTING EARTH-MOVING EqUIPMENT <o THAT T WILL
FUMCTION IV A LONATZ BV IRovMENT L

HOURS

NAME, INITIALS —ENGINEERING — TECHNICIAN CLERICAL  TOTAL
) A, AposrolIPES 4 T T 7
2) M. Mancuso 7 — — 7
5 N. MRy 7 — — 7
P —— T '7

sy ). Farree 7 1 -
sy 2. ThoLe (p T v

5 C- TouLNsoy 7 - "‘

TOTALS = 41 -0 - 1 42

¥¥ Ppua. Saresment Mrackep

B oz




ME 4182 WEEKLY PROGRESS” REPORT

PERIOD: FEL O THRU: M\ ARA = TEAM NO.: TV A0
TITLE: __ O o §:%n x o \')u\\%c‘he_f cuvuiravls Sof

LV soe: - Aqgj‘ s ond
COMMENTS s

Ty woraM ) e deswe Tor Ya. Sinald W\%n oo
divided amono Pha, Membeacss. Nelsown u'»)a)\?tz_z»?ons\\o\,( <o
The mbhsTeack | e wntroduchion , B2 Power(Fwal Consameien

One X\, $+r\&c,4eusa.\ S»&QQ@«*. M2 A~ R

e S.msd s avaaag OF  re prrBlans @A RN
()cm.cm‘*' o xva deive Aeoin. Vo4 workrd en ?'L‘S;’Q‘M&“‘L bkﬁec.\\\’%)

. ; ] e "
e Omar:x\:\mea Comnh e Ants | e ‘\‘M'\SQO?‘\ sQ ewitFvia v on s Ml
o deoe Sgcrem. Chori=a A& My boraxa 5‘65‘*‘"‘ , o Q“%"“:’m' s/t

. cCont \ Dy
eolS Mieny iA Al thas (omguter (ntertolcan and e et R

N
\&\4\3\_)% o e ol > Sud Ao -OQQ:-:;:‘:\(\KO \nsh o i ns . ‘Sa

)

' ‘3.'-& ~.ads
rmderloo¥ e dasx Ssr selectioAn =% b”""‘“"\‘bs) D

. . .;\Jz_é\ 5
(DQJ)“NPEB s ond o\so A-\A Maa, \'\Q‘}'lr;’ O\'\\::;...\u‘ Sh ) albresnaie % -

DS

ands A2 ansian~  ~adeCux, t‘ﬁ:”\\7 v T e sesgonnbia See e

MO A s s Y\e Ceo\\n\j sﬁskmé

HOURS

NAME, INITIALS ~ ENGINEERING  TECHNICIAN - CLERICAL TOTAL

1) A. ARostoroE S % 3 VA | \ S

2) M— MANCLLSO : 1 3 o - \4

3) N Mees | 2 = Y4

-~ 4) Y. PeRevEe A RSN \S
5) . Tt 1 & 1 .\A(
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DESIGN OF A BULLDOZER AFPPROFRIATE FOR A LUNAR ENVIRONMENT

OQUTL INE
I. ABSTRACT
I1. PROBLEM STATEMENT
, M. RACKGROUND
1. LUNAR ENVIRONMENT
a. ATHMOSPHERE
b. TEMFERATURE
c. GBRAVITY
d. SOIL CONDITIONS v
e. HEAT TRANSFER CHARACTERISTICS
2. EXISTING EARTH — MOVING EQUIPMENT
B. PERFORMAMCE ORJECTIVES
1. FPAYLOAD
2. DUTY CYCLE
F. ATTACHMENTS
4. MAINTENANCE
C. CONSTRAINT“
1. SFEED
2. TRANSFORT SPECIFICATIONS
a. DIMENSIONS
: o WEIGHT :
3. FOWER/FUEL CONSUMPTION
11I. DETAILED DISCRIFTION ‘
f. FOWER TRAIN
1. MOTOR
2. TRACTION DRIVE
B, AUXILIARY ATTACHMENTS
1. BLADE
2. FRONMT - END LOADER
C. THERMAL SYSTEMS
. CHASHIS
E. ERGONOMICS/CONTROLS
F. MISCELLANEQOUS
IV, HAZARD ANALYSHIS
A FﬁILUH& MODES AND CONSEQUENCES
1. UEHTCLE TIF OVER
2. ABRUFT STOPS-SUIT FUNCTURE
3. ATTACHMENT FAILURE
4. FIRE/JEXFLOSIONS -
E. FORESEFABLE USE AND MISUSE: EXCEEDING DEFINED DUTY CYLCE
Ve OFERATING INSTRUCTIONS
V1. CONCLUSIONS AND RECOMMENMDATIONS
VMIT. APPENDIX
A, CALCULATIONS
B. DRAWINGS
L. ALTERNATE DESIGNS
D. DECISION MATRIX
E. WEEELY FROGRESS REFORTS
F. BIBLIOGRAFHY
G. RECORD OF IMVENTION FORMS
H. COMFUTER UBAGE
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RECORD OF INVENTION - Part |

PROJECT NO.

This is an important legal document. Read instructions carefully before filling in data.

, RECOMMENDED SECURITY REC. OF
CONTRACT NO. CLASSIFICATION Secret iNV., NO,
1. NAME OF INVENTOR ] ’ POSt TON

M. E. 4182 Tu4:30 Group x Sr. Mechanical Engr. Students

2. DEPARTMENT OR DIVISION

GEQORGIA INSTITUTE OF TECHNOLOGY
3. DATES OF EMPLOYMENT Ep

" Wtr. Qtr. 1985 (January 4 - March 12)
4. PRESENT ADDRESS { No. Street, City, County, State) TELEPHONE PERMANENT OR UNTIL

SSTC #1 Room 218, Atlanta, GEORGIA (404) 894-3218

5. PERMANENT ADDRESS {No. Street, Clity, County, State) : TELEPHONE
6. NAMES {S} AND ADDRESS {ES} OF CO~INVENTORS { If any )

* Angelos Apostolides, Martin Mancuso, Nelson McRay, Johne' Parker

Patrick Thole, and Charles Tomlinson.

« DESCRIPTIVE TITLE OF INVENTION

‘The Lunar Dozer

i it s
. LIST DRAWINGS, SKETCHES , PHOTOS, REPORTS . DESCRIPTIONS, NOTEBOOK ENTR.IES, ETC, WHICH SHOW OR GESCRIBE INVENTION
’

See the DRAWINGS section of the Appendix in the preceding report.

. EARLIEST DATA AND PLACE INVENTION WAS CONCE 1VED { Brief outline of circumstances)

January 8, 1985

. DATE AND PLACE OF FIRST SKETCH, DRAWING OR PHOTO

' February 12, 1985

. DATE AND FLACE OF FIRST WRITTEN DESCRIPTION

February 26, 1985

12, DISCLOSURE OF IHVENTION TO OTHERS
FORM OF DATE AND PLACE WAS STGNATURE
+ TITLE AND AD OBTA INED
NAME. TITLE AND ADDRESS b15CLOSURE oF o15cLoSURE Semhmes

Mr. J. W. Brazell, M. E. Instructoj oral

GEORGIA INST. OF TECHNOLOGY

12.

A IMPQRTANT - MAVE ANY PUBL{CATIONS OR REPORTS BEEN MADE ON THIS INVENTION?

ves: see preceding report.

13, DATE AND PLACE OF COMPLETION OF FIRST OPERATING MODEL OR FULL S1ZE DEVICE
n/a, .

14, PRESENT LOCATION OF MODEL

15, DATE, PLACE, DESCRIPTION AND RESULTS OF FIRST TEST-OR OPERATION
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16. NAMES AND ADDRESSES OF WITNESSES OF FIRST TEST

17. DATE, PLACE, DESCRIPTION AND RESULTS OF LATER TESTS {name witnesses}

18. I1DENTIFY RECORDS OF TESTS AND GiVE PRESENT LOCATION OF RECORDS

19, PRIOR REPORTS OR RECORDS OF INVENTION TO WHICH INVENTION 1S RELATED

none

20. OTHER KNOWM CLOSELY RELATED PATENTS, PATENT APPLICATIONS AND PUBLICATIONS
PATENT OR
DATE TITLE OF INVENTION OR PUBLISHED ARTICLE NAME OF PUBLICATION

APPLICATION NO.,

noane

21. EXTENT OF USE: PAST, PRESENT AND CONTEMPLATED {Give dates, places and other pertinent details)

The lunar dozer will be

used to mave lunar dust and tock away from the permanent space station

that NASA wishes to build on the moon.

22. DETAILS OF INVENTION HAVE BEEN RELEASED TO THE FOLLOWING COMPANIES OR ACTIVITIES

NAME AND ADDRESS IND IVIDUAL OR REPRESENTATIVE CONTRACT NO. DATE

NASA, Huntsville, AL

SIGNATURE OF INVENTOR o ) DATE




RECORD OF iNVENTION - Part I}

(Attack to Record of Invention Part I)
REC. OF
INY. XO.

This Disclosure of Invention should be written up in the inventor’s own words
and generally should follow the outline given below., Sketches, prints, photos
and other illustrations as weil as reports of any nature in which the invention
is referred to, if available, should form a part of this disclosure and reference
can he made thereto in the description of comnstruction and operation.

1. INVENTORS NAME (S)

M. E. 4182 Design Graoup Tu4:30

2. TIiTLE OF INVENTION

The Lunar Dgzer

For answers to following questions use remainder of sheet and attach extra sheets if necessary.

~i
.

3. GENERAL PURPOSE COF INVENTION. STATE IN GENERAL GIVE DETAILS OF THE OPERATION {F NOT ALREADY

TERMS THE OBJECTS OF THE INVENTION. . DESCRIBED UNDER 6.

4. DESCR{BE OLD METHCD (S) iF ANY, OF PERFORMING THE 8. STATE THE ADVANTAGES OF YOUR INVENTION OVER WHAT
FUNCTION OF THE INVENTION. HAS BEEN DONE BEFORE.

5. INDICATE THE DISADVANTAGES OF THE OLD MEANS OR BEVICE{s). 9. INDICATE ANY ALTERNATE METHODS OF CONSTRUCT!ON,

6. DESCRIBE THE CONSTRUCTION OF YOUR INVENTiON, SHOW- 10, IF A JOINT INVENTION, INDICATE WHAT CONTRIBUT!ION
ING THE CHANGES, ADDITIONS AND IMPROVEMENTS OVER WAS MADE BY FACH INVENTOR.

THE OLD MEANS OR DEVICES
11. FEATURES WHICH ARE BELIEVED TO BE NEW.

12. AFTER THE DISCLOSURE 1S PREPARED. |T SHOULD BE SIGNED BY THE INVENTOR{S), AND THEN READ AND SIGMED AT
THE BOTTOM OF EACH PAGE BY TWO WITNESSES USING THE FOLLOWING STATEMENT:
‘*DISCLOSED TO AND UNDERSTOOD BY ME THISoaecaun DAY OF mmcmcmmeem 19...

3. Many tools and vehicles have been used on the moon; however,
none of these was designed for long-term use or soil-moving
capabilities. NASA wishes to build a permanent space station
on the moon; our bulldozer will be used to move lunar dust and
rocks away from this site. Since there are no exising space
vehicles upon which to base a bulldozing design, we have
modified existing earth-moving equipment so that it will oper-

ate in a lunar environment.
Questions 4 - 6 do not apply to this design.

7. Please see the section on OPERATING INSTRUCTIONS in the preceding

report.

IV
{4}
w
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REC. OF
INV. NO.

8. This question does not apply.
9. Please see Appendix: ALTERNATE DESIGNS in the preceding report.
10. Please see PROGRESS REPORTS in the Appendix.

11. The design basically modifies an existing uni-loader for lunar
applications; therefore, no features of this machine are totally
new (although the synthesis of our ideas led to the design of

a unique machine).

‘ DISCLOSED TO AND UNDERSTOOD BY ME  DISCLOSED TO AND UNDERSTOOD BY ME
INVENTOR on 1S LZ nav o Mchi9 RS onTHisIZ__ pay or Alarch 19 85
Phaecl 12. 1085 Osbnd M. P )b/ Zilicche £) . Thple

(/INESS L WITNESS
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